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However, fission is not the only possible interaction

between a neutron and a nucleus

Neutron Scattering
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Neutron moderation is needed for reactors using #*°U
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For a controlled chain reaction, k=1.00 is desired

. _— : s Controlling the rate of fission
neutron production from fission in one neutron generation

k =
eff ncreasing rate controlled rate

neutron absorption and leakage in the preceding neutron generation
k=2
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History

1938
Hahn, Strassman, 1942 1951 Shi19in57ort
Metiner, Frisch discover Chicago Pile-1, EBR-1 creates commgrpciagleeac’:tor
fission Manhattan Project electricity
begins \
\ 1945
1939 Trinity Shot, VJ
1920 Roosevelt creates the 1953
Rutherford Advisory Committee on USS Nautilus is
theorizes neutrons Uranium launched
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Chicago Pile-1 was the world’s first (man-made) self-
sustaining nuclear reaction

History

Earlier piles produced
disappointing k of 0.87,
eventually 0.918.

Chiosgo Pile I (CR-

k=1.0006, 0.5 W for 4.5 min
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The first electricity-producing reactor, EBR-1, was
actually build to prove the concept of fuel breedlng

U-238
) 9 92 protons

146 neutrons

U-239

92 protons
147 neutrons

Natural uranium
>99.2% U-238
0.72% U-235

Low-enriched uranium
(reactor grade)
3-4% U-235
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When Admiral Hyman Rickover chose LWRs for the USS

Nautilus, he set the course for commercial plants, too
History
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Shippingport, Yankee Rowe

History
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Containment Structure
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Containment Structure
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72 fuel rods are
bundled with
tie plates and
spacers. =

Boiling Water
Reactor
(BWR)
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700-800 assemblies/reactor
Fuel Assembly (9 x 9 type)

Top tie plate

Weight: Approx. 300 kg

The 264 fuel

rods are bundled

with grids, and
the fuel
assembly is g
equipped with
top and bottom
nozzles.

Pressurized
water reactor

LWRs

150-250 assemblies/reactor

Fuel Assembly (17 x 17 type)

Weilght: Approx. 700 kg I




PWRs have control rods that come down from the top,
while BWRs have control blades from the bottom

Rs

Control rod guide
thimble 31

Instrumentation
guide thimble 4 /

Grid
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Nuclear has been a part of the world energy supply for

decades

World electricity generation! from 1971 to 2014 1973 and 2014 fuel shares of
by fuel (TWh) electricity generation'
26000
1973 2014
24000
) Nuclear 3.3% Nuclear 10.6%
20000 Naruralogas Natural gas
- 12.1% 21.6%
12000
8000 Qil
4.3%
4000
[T 1980 1985 180 1895 2000 2005 a0 20
i 2
B Fossil thermal ] Nuclear = Hydro 0 other | 6 131 TWh | | 23816 TWh |
International
. Energy Agency
iea
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Nuclear is an important source of carbon-free energy,

and when it is closed, it’s mostly replaced by nat gas

Net U.S. Electricity Generation,
2015

Total Solar Other
In-state electricity generation in 12-month periods before and after nuclear retirements

o)
1% Energy billion kilowatthours
Wind Sources . .
4% Florida Crystal River

Geothermal 5% Sep 2009

Hydro L
(Conventional California San Onofre
) Jan 2012
(o)
6% Wisconsin before Kewaunee
after May 2013
Wermont | Vermont Yankee
Dec 2014
Nt 0 50 100 150 200 250 _
Gas natural gas coal hydro eia’
32%
Data from

ZN US. Encrgy Informati
ela W) AI'I(T'LQ;Y niormanton

Administration
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U.S. Operating Commercial Nuclear Power Reactors

& = 1unit
a = 2 units
&: 3 units

Licensed to Operate

Rt USNR

As Of May 2017 tates Nuclear Regulatory Commission

Protecting People and the Environment
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New Nuclear

Generation IV: Nuclear Energy Systems Deployable no later than 2030 and offering
significant advances in sustainability, safety and reliability, and economics

Generation |
| — Generation I
Early Prototype [ : ] Generation llI Near-Term
Reactors ComnF;erCIal Power [ T Deployment
Fecoe Avenced R i
LWRS : Generation IV
; b - — Generation lll+
Evolutionary .
Designs Offering —Highly
Improved Economical
Economics —Enhanced
- Safe
~Shippingport —Minintzal
—Dresden, Fermi | _ABWR Waste
—Magnox —LWR-PWR, BWR —System 80+ —Proliferation
_CANDU -APSOO Resistant
~VVER/RBMK -EPR
Gen Il | Gen Il [ Genlll+ | Genv
1950 1960 1970 1980 1990 2000 2010 2020 2030
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One of the most promising nuclear concepts is the

SMR, including NuScale’s 30 MW design

New Nuclear

Steam line Inside a NuScale Small Modular Reactor Building
Feedwater line Reactor Bulding Crane

Containment Biological Shield i

Reactor vessel

Support trunnion

Steam generator

Nuclear core Reactor Pool  nyScale Power Module

Module support Reactor Vessel Flange Tool Container Vessel Flange Tool
skirt (Holds reactor vessel during refucling) (Holds containment vessel during refueling)
Source: NuScale Power LLC A BNA Graphic/reac13q1
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TRISO particles feature prominently in several

advanced reactor designs

New Nuclear

- 5mm Graphite layer

_ Coated particles imbedded
" in Graphite Matrix

Dia. 60mm
Fuel Sphere

_—~Pyrolytic Carbon 40/1000mm

~_-Silicon Carbide Banier Coating 35/1000mm

~_—Inner Pyrolytic Carbon 40/1000mm
_-Porous Carbon Buffere5/1000mm

Section

Dia. 0,92mm

TRISO

Dia.0,5mm
Uranium Dioxide

Fuel Kernel

Coated Particle

TRISO Coated

Fuel Particle
TRISO Fuel
Compact

Fuel Kernel
Low Density PyC
Silicon Carbide

High Density PyC
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New Nuclear

Gas-Cooled Fast Reactor Generator Ciectrical
/ * QOutlet temps ~1000 °C

e Gas cooled

» Graphite moderated (thermal
reactor)

-— - * Solid TRISO fuel in pebbles or
prismatic shape

! » High temps allow for processes
such as hydrogen production,
desalinization

Recuperator

)

— ' « Prior OPEX from experimental,
| — research reactors

ﬁ e nowson |4 g s ol § Heat Sin * US (Peach Bottom, Fort

— St. Vrain),

* Germany (AVR, THTR),
Compressor , * Japan (HTTR)
{ )) * China (HTR-10)

Control
Roda
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New Nuclear

Control
Rods

* QOutlet temps ~1000 °C

Pump *ﬁﬂ TIE « Gas cooled
Beantor \!J ’— 1) « Graphite moderated (thermal
Roector Very High-Temperature Reactor P (

reactor)
Graphite . .
)l Reflector * Solid TRISO fuel in pebbles or
* prismatic shape

» High temps allow for processes
such as hydrogen production,

i water desalinization
—

— * Prior OPEX from experimental,
research reactors

» US (Peach Bottom, Fort
St. Vrain),

* Germany (AVR, THTR),
Hydrogen ° ‘Japan (HTTR)
e China (HTR-10)

Blower

Oxygen

Heat Sink

Heat
Reactor Helium Exchanger
Coolant

Hydrogen
Production Plant
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New Nuclear

|
Coniral

Molten Salt Reactor rods e Coolant is a molten salt

 Flouride or Chloride salt

 Fluorine-Lithium-
Beryllium (FLiBe)

» Can have solid or liquid fuel

* Liquid fuel can online reprocess

* However, liquid fuel has
modeling & safety considerations

e Fuel can be Th, U, Pu

» Graphite moderated (thermal reactor)

* OPEX is limited

—

Emergenoy dump tanks
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Control
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Turbine

Reactor
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“l Cooled Reactor

Electrical
Power

—
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New Nuclear

the nuclear reactor.

* Many aspects similar to LWR (fuel,
water moderated & cooled)

* Doesn’t need pressurizers, steam
generators (PWR), or steam
separators and dryers (BWR)

* High thermal efficiency

* High power density
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New Nuclear

* Fuel is solid in pool of liquid sodium

* Sodium melts at low temp (371 K)

» Can use OPEX from around the world
* Phenix, France
* Monju, Japan
* BN-600, Russia

* Upcoming:
 CEFR, China
* PFBR, India

W AT D
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New Nuclear

* Coolant is lead or lead-bismuth
Generator * Metal or nitride-based fuel
1
e * Lead is a good gamma shield
» Operating pressure quite low
Turbine . .
 Lead does not react with water like
= ' sodium does
Recuperator * Long refueling lifetime
Compressor n—
— ' * OPEX
— s § =~ + Two LFR types in Russian
= = subs in 1970s
Intercooler '
Compressor =
7,
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New Nuclear

PROGRAM
W I N l Western Initiative for Nuclear
Total Number of Reactors: 60 (\_,I ﬁh(l)ERBr?'Iz\IEST
CHINA | A . DOE’'S INL SITE
RUSSLS [ BN Humber of Reactors «g
INDL ;f WA
UNITED ARAE EMIFATES (ﬁ\]m_ﬁg
UNITED STATES OF AMERICA -
. KOREA REPUELIC OF I A OR s
= PaKIsTAN (I ===
= BELARUS |
E JAFAN E WY
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UKRAINE - " POWER" / \ Y
ARGENTINA . ‘ uT
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FRANCE I [E——
] 5 ] 15 0 i f
Elmber of Reactons { AZ

This is a take-away box
|
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Shippingport cores

* First Core
— Small seed
— Highly enriched seed (93%)
— Natural blanket
« Second core
— Larger seed, more power

* Third core
— Thermal breeder
— Th and 233U
— 5-6% in seed
— 1.5-3% in blanket
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Symbol Name Meaning

neutrons produced from fission
n Reproduction Factor (Eta) 2 A :

absorption in fuel isotope
o neutrons absorbed by the fuel isotope
f The thermal utilization factor
neutrons absorbed anywhere
fission neutrons slowed to thermal energies without absorption
P The resonance escape probability -
total fission neutrons

total number of fission neutrons

£ The fast fission factor

number of fission neutrons from just thermal fissions
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. Emergency Fuel Oil Storage
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1. HOow many reactors are
currently operating in the US?

A. 90
B. 99
C. 101
D. 104



2. What Is the oldest operating
plant in the U.S.?

A. Millstone 1
B. Browns Ferry 1
C. Oyster Creek 1
D. Dresden 1



3. Which nuclear plant around the
world came online most recently?

A. Chashma Unit 3, Pakistan

B. Haiyang | Unit 2, China

C. Novovoronezh Il Unit 1, Russia
D. Yangjlang | Unit 4, China




4. How many countries in Latin
America have commercial reactors?

A.0O
B.1
C.3
D. 5



5. Which state has the most nuclear
plants?

A. lllinois

B. Pennsylvania
C. Georgia

D. Ohio



6. Which state has the highest
percentage of electricity from nuclear?

A. lllinois

B. New Jersey

C. Georgia

D. South Carolina



/. What is the capacity of the
largest nuclear plant in the world?

A. 9,445 MW
B. 8,989 MW
C. 8,212 MW
D. 6,234 MW



